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Executive Summary 

Fiber textured bismuth titanate (Bi4Ti3012) (BIT) and biaxially textured La-doped 

Sr2Nb207 (SN) were produced by templated grain growth. Platelets of BIT and blade- 

shaped SN template particles were dispersed in a matrix of nanosize BIT and fine SN 

powders, respectively, and aligned by tape casting. As determined by x-ray diffraction and 

microscopy, the sintered ceramics were >90% textured. Growth of the template particles 

depends critically on the presence of a liquid during growth and maintaining a template to 

matrix grain size ratio >2. 

Textured Nb-doped bismuth titanate ceramics (Bi4Ti3.x/5Nbx/50I2, where x=0.02) 

showed anisotropic dielectric and piezoelectric properties when measured parallel and 

perpendicular to the texture axes with the remanent polarization differing by more than a 

factor of 15 in the two directions. The piezoelectric constant in the c-axis was -30 pC/N, or 

-77% of the single crystal value. High temperature piezoelectric applications are possible 

up to ~450°C in textured, doped bismuth titanate. 

A gated doctor blade was developed to achieve biaxial alignment of the blade-shaped 

Sr2Nb207 template particles. Very good orientation was achieved perpendicular to the 

major blade axis. In addition, X-ray diffraction measurements of the 131 pole revealed that 

the Sr2Nb207 was biaxially textured and had a full width at half maximum of the peak 

height of 30° in the orientation distribution in the plane of the blades. 



Report Summary 

INTRODUCTION 

The electronics industry uses many polycrystalline and single crystal ceramic 

materials. Most single crystals, like silicon, are grown from the melt by Czochralski and 

Bridgman techniques. Many multicomponent ceramic materials, however, cannot be 

produced in this manner as a result of compositional instability at high temperatures or 

simply because of the high melting temperature and the inevitable problem of 

contamination. In some cases flux growth techniques, which are based on the use of halides 

and low melting materials like PbO, PbF2, B203, and mixtures thereof, have been developed. 

However, many of the single crystals produced by these techniques are too costly for 

widespread application. 

Vapor phase techniques are widely used for thin film applications. But, vapor 

deposition techniques are generally limited to micrometer/hr deposition rates, and thus are 

too costly for the synthesis of bulk crystals in most cases. The difficulties are exacerbated 

when the material is multiple element. Also, only single crystal-like ceramics can be 

produced by vapor techniques. Thus, while a large number of potential applications exist 

for bulk single crystals, current processes are either not capable of producing the desired 

material or are prohibitively expensive. Also, the techniques used for the preparation of 

single crystals require such highly specialized equipment that the synthesis of bulk crystals 

of many materials cannot be attempted and thus the materials remain unexplored. Many 

electroceramic materials fall into this latter class of materials. 

In this report, we describe a novel Templated Grain Growth (TGG) technique for 

producing textured materials. Textured means that essentially all of the grains are oriented 

along at least one axis and thus the properties are intermediate between those of a 

polycrystalline ceramic and a single crystal. In the extreme case, there would be no grain 

boundaries and a true single crystal would be produced. TGG processes have a number of 

attractive features for producing textured materials including (1) solid state reactions can be 

used to produce precursor materials for TGG that cannot be prepared in bulk form by either 

vapor or liquid crystal growth techniques, (2) stoichiometry and purity are established 

during fabrication of the ceramic and retained during TGG, (3) the process is relatively 

simple and operates at lower temperatures, thus ensuring lower costs, and (4) bulk materials 
can be fabricated. 

Highly textured and single crystal materials have been produced by what we term 

(1) surface TGG and (2) TGG (Figure 1). In both cases a single crystal is introduced as a 



template to initiate directional growth by solid phase epitaxy. For example, a single crystal 

in contact with a polycrystalline matrix was used to template subsequent grain growth of 

ferrites to produce single crystals.1 TGG was initiated2 by dispersing and orienting single 

crystals in a sol gel precursor to alumina. Subsequent heating resulted in a highly textured 
material. 

BACKGROUND ON TEMPLATED GRAIN GROWTH 

While there has been little theoretical work on TGG before this study, a few 

examples from the literature and the Pis' research are described below to demonstrate the 

potential for such processes and to identify some of the emerging principles. 

Case 1 Single crystal ferrites have been produced by a low cost, patented process 

described by Matsuzawa et al. at NGK Insulators, Inc.1 for application in video cameras. 

The process involves placing a fine-grained (5 urn), dense polycrystalline ferrite in contact 

with a ferrite single crystal. When heated, the boundary between the single crystal and the 

polycrystalline matrix grows into the polycrystalline matrix. Although there are no details 

concerning transport, kinetics and grain boundary mobility, a number of process 

requirements are identified as important for obtaining single crystals. These include 

intimate contact at the interface between the two materials, a matrix with a fine grain size, 

separation of the temperatures for exaggerated grain growth and normal grain growth, and 
purity. 

To achieve an intimate interface, the two materials were polished and a ferrite 

precursor solution was used to 'activate' growth between the two materials. The patent does 

not describe the importance or function of this interlayer but simply states that it is 

necessary. The NGK group also reported the templated grain growth of yttrium iron garnet 

(YIG)3 single crystals for magneto-optical applications. Yamamoto and Sakuma4 reported 

the application of a similar process for the production of BaTi03 single crystals but again 

no information concerning the fundamental processes was reported. A recent study on 

TGG of BaTi03 single crystals reported the properties of BT and Zr-doped BT crystals 

were comparable to those grown by flux techniques5"7. 

Case 2 We first reported a process for producing textured alpha alumina by in situ 

solid phase epitaxy 2. The process relies on the alignment of acicular (0.1 by 0.5 urn), 

single crystal particles of hematite (cc-Fe203) by drawing fibers from an cc-Al203 precursor 

sol containing the acicular particles. During fiber drawing the acicular particles align in the 
fiber axis in the [1010] direction. 

From TEM studies we determined that when heated, the a-Al203 epitaxially 

crystallizes on the acicular oc-Fe203 particles with the orientation relationship [0001]cc- 



A1203II [0001]a-Fe2O3 and {1120}a- A12031| [1120]a-Fe2O3.8. At higher temperatures 

the fibers densify first and then the oriented oc-Al203 grains begin to grow at into the fine 

grain alumina matrix. Although not the objective of the study, grains were observed to grow 

across the entire diameter (20 \im) of the fibers and to 35 \im in length. 

A critical factor for the grain growth of the aligned alumina grains was to achieve a 

fully dense and ultrafine grain size (<0.5 urn) matrix prior to the onset of grain growth. In 

this particular example, low temperature densification and an initially ultrafine grain matrix 

were obtained by seeding the bulk precursor. 

Case 3 A third approach for producing single crystals that is relevant to this 

proposal is the use of liquid precursors for thin film deposition and crystallization. This is 

important because such precursors are used later as a means for coupling a single crystal to 

the polycrystalline matrix. Recently, a number of authors have deposited thin films of 

precursor solutions onto single crystal substrates. During heating, the nanocrystalline 

porous film that is formed undergoes densification and epitaxial growth. Single crystal thin 

films of LiNb03 on sapphire9, a- A1203 on a-Fe203
8, YBC on SrTi03

10 Ti02 on rutile11, 

and Zr02 (Y203) on Zr02 single crystals12 have been demonstrated. Surprisingly, there 

have been few studies on how a single crystal film is obtained by this sequence of events. 

However, this process is similar to Case 2 in that a precursor is heated in contact with a 

single crystal and thus the grains in direct contact with the substrate become oriented during 
crystallization. 

From the above examples a few common principles important for TGG emerge. 

These principles can be classified in terms of the interface requirements, matrix 

requirements for grain growth and process requirements. Critical to the success of the 

TGG approach is that solid phase epitaxy occurs between the substrate and the fine grain 

matrix. If the substrate is the same material then there is no lattice parameter mismatch and 

matrix growth is initiated by homoepitaxy and there are no limitations imposed on grain 

growth as a result of interfacial strain. In contrast, when a crystallographically similar 

material is used, then the lattice parameter mismatch is accommodated by the formation of 

misfit dislocations and lattice strain. If the mismatch is too large the residual strain energy 

may offset the driving force for grain growth in a thin film12. In this case no grain growth 

would be expected, as there is no thermodynamic driving force for boundary motion. Based 

on these limited studies, one would conclude that homoepitaxy is the preferred approach so 

that all of the grain boundary energy is available to drive grain growth. However, single 

crystals or appropriately shaped template particles of some materials are simply not 
available. 



The grain size of the matrix relative to the template dimension is clearly one of the 

most important criteria for TGG because the driving force for boundary migration is the 

grain boundary free energy. As grains begin to decrease to <0.5 \xm, the growth of matrix 

grains can occur at a much lower temperature and thus temperature regimes where the 

material is prone to exaggerated grain growth can be avoided. 

RESEARCH OBJECTIVE 

The goal of the program was to determine to what extent single crystal or single 

crystal-like, textured materials could be produced by templating solid state grain growth and 

to develop a scientific understanding of the TGG process. We studied TGG of Bi4Ti3012 

and Sr2Nb207 because of the strongly anisotropic properties of these materials and the high 

potential impact of such materials as high temperature piezoelectrics. Also, because 

Sr2Nb207 and Bi4Ti3012 are members of the layered perovskite and bismuth oxide layer 

structure crystal families, respectively, the results of this study would give insights about 

how to produce textured electroceramics in these two crystal families. 

To achieve the research goals we undertook the following tasks 

• Study the TGG of Sr2Nb207 and Bi4Ti3012 

• Characterize microstructure texture, interfaces and defects to determine what phenomena 

control template growth. 

• Determine the electrical and electromechanical properties of the textured materials as a 

function of the process parameters and degree of texture. 

• To provide fundamental information about growth as a function of specific 

crystallographic direction. This topic was supported via an AASERT and the results 

were reported separately.5"7 

Materials 
High temperature piezoelectrics are very attractive for remote sensing in hostile 

environments. For example, in order to improve fuel efficiency, as well as the ignition 

timing in automobile engines, acoustic sensors, which detect the onset of engine knock, are 

used. However, currently available materials such as lead zirconate titanate cannot be 

mounted too close to the engine, as the ambient temperature is high enough to either depole 

the ceramic or in some cases to raise it through the Curie temperature. Consequently, for 

such applications, there is a need to develop materials that remain piezoelectric at high 

temperatures. In addition to acceptable piezoelectric properties, a high electrical resistivity at 

elevated temperatures is required. Sr2Nb207 is an excellent candidate for these applications 

as it has one of the highest Curie temperatures of known ferroelectrics.    Similarly, 



Bi4Ti3012, with a Curie temperature of 675°C is already in limited use as a high temperature 

piezoelectric13. 

Bismuth Titanate (Bi4Ti30i2) 

In the present work, TGG was applied to the ferroelectric ceramic Bi4Ti3012. BiT is 

an excellent material for the study of this process for several reasons. It is a candidate for 

use in high temperature piezoelectric devices because of its high Curie temperature (675°C). 

However, poling the ceramic is difficult because low crystal symmetry inhibits the 

appropriate orientation of the polarization axes, which lie in the a-c plane of the monoclinic 

crystals14. Texture increases poling efficiency by aligning crystallographic axes, enhancing 

the piezoelectric properties. 

It has been shown that plate-like particles of BiT, made by molten salt synthesis, can 

be oriented by hot forging1516 and by tape casting17. The platelets are apparently single 

crystals (monoclinic at room temperature) with the c-axis perpendicular to the major faces. 

Appropriate processing orients the crystals along the c-axis, face to face. Tape casting has 

the advantage of lower cost relative to forging or hot pressing. 

Anisotropy in the low field dielectric properties has been previously reported for 

TGG bismuth titanate (BiT) ceramics.18,19 However, due to the high electrical conductivity 

in the a-b plane, where the major component of the polarization lies, poling was difficult. 

This complicates examination of ferroelectricity and piezoelectricity in undoped grain- 

oriented bismuth titanate. Recently, it was shown that donor-doping bismuth titanate with 

group V (Nb, Ta, Sb) and group VI (W) elements reduces the electrical conductivity by 3-4 

orders of magnitude up to ~600°C and facilitates both poling and the use of bismuth titanate 

at elevated temperatures. 

The objectives of this study were to develop a TGG approach to produce textured 

BIT and textured Nb-doped bismuth titanate ceramics and to measure the dielectric and 

piezoelectric properties of the resulting materials. 

EXPERIMENTAL PROCEDURES 

A coprecipitation method was developed for making ultrafine Bi4Ti30I2 particles. 

Powder calcined at 700°C was comprised of equiaxed particles, having an average diameter 

of about 200 nm and specific surface area of 8 m2g"' which corresponds to an equivalent 

spherical diameter of 93 nm, indicating that the particles are aggregates of a few primary 
particles. 

Platelike particles were prepared by mixing equal weights of the dry amorphous 

powder and a eutectic mixture of NaCl and KC1 in a sealed crucible and heating to 1100°C, 



above the melting point of the salt. The mixture was heated at a rate of 10°C/min, and held at 

temperature for 12 minutes before slowly cooling. It was then washed with warm deionized 

water to remove the alkali metals and chlorine, and dried under vacuum. The platelets were 

approximately 5-20 /mi in diameter and 0.5 /im thick (Figure 2). 

Slurries for tape casting were prepared with 15 vol% powder in a commercial 

organic binder solution (B73305, FERRO). Calcined BiT powder was dispersed in toluene 

with a polymeric dispersant (KD3, ICI Specialty Chemicals) using an ultrasonic horn. The 

dispersion was added to the binder solution in a Nalgene bottle containing a small amount 

of Zr02 media and mixed on a roller mill for 24 h. The slurry was then poured into a beaker 

and covered. BiT platelets (5 or 10 % of the fine powder volume) were dispersed in toluene 

with KD3 using an ultrasonic bath, then stirred into the powder-binder mixture with a 

magnetic bar. The slurry was stirred until 15 vol% solids was obtained by solvent 

evaporation (determined gravimetrically). 

Tapes were cast at 7.5 cm/s with a blade opening of 200 /im on a glass surface and 

dried under ambient conditions, producing 60 jum thick tape. The tapes were cut into pieces 

approximately 5 cm2, stacked in layers of 10, heated to 70°C and pressed uniaxially at 50 

MPa. 

Densities of the sintered samples were measured by the Archimedes method. 

Texture was calculated from x-ray diffraction data by the Lotgering method. Samples were 

scanned from 20 = 10° to 80° on the surface parallel to the casting plane. The degree of 

orientation, f, is defined as f = (p - p0)/(l - p0), where p = S I{0Qe}/E I{hkf} for intensities, I, 

between 20 = 10° and 80°. The calcined powder was used as a randomly oriented standard 

to determine p0. 

Nb-doped bismuth titanate precursors were synthesized by coprecipitation of Bi203 

and TiO(OH)Cl in a nitric acid solution by the dropwise addition of NH4OH. Niobium in 

the form of Nb-oxalate (Niobium Products, Pittsburgh, PA) was substituted for Ti before 

coprecipitation. The chemical formula was Bi4Ti3.x/5Nbx/5012, where x=0.2. The as-dried 

powder was calcined at 700°C for 0.5h. Bismuth titanate template particles were synthesized 

by heating a mixture of as-dried bismuth titanate powder with NaCl and KC1 at 1100°C for 

12 min. The salts were removed by washing the platelets with distilled water more than five 

times. This produced large tabular particles with the major face perpendicular to the 

crystallographic c-axis. 

Tape casting slurries of Nb-doped bismuth titanate (x=0.2) were prepared by 

mixing 30 vol% powder with a commercial non-aqueous binder solution (B73305, Ferro 

Corp., San Marco, CA). The slurries were cast onto a glass plate with a doctor-blade at a 

blade height of 300 /im and at a casting speed of 7 cm/sec.  The template concentration was 

8 



5 wt% of the BiT. The tapes were cut, laminated, pressed uniaxially at 40 MPa, and calcined 

at 450°C for 2 h.   Additional processing details about the powder and template particles 

were described earlier. 

Pressing the calcined powder produced randomly oriented samples. Samples were 

sintered between 950 and 1100°C for 2h. Phase analysis and grain orientation of sintered 

samples was examined by XRD. The apparent density was measured by the Archimedes 

method and microstructures were observed by SEM. The dielectric constants of polished, 

Pt electroded samples were measured between 30 and 450°C at 10 and 100 kHz. The 

remanent polarization and coercive field were obtained at room temperature using a 

modified Sawyer-Tower circuit. Nb-doped samples were poled for 10 sec to 20 min in a 

silicone oil bath at 200°C at an electric field of 40-90 kV/cm. Due to the lower resistivity of 

undoped BiT samples they were poled at 20 kV at 150°C for 5 min. The piezoelectric 

constants of poled samples were measured using a Berlincourt d33 meter at a frequency of 

100 Hz. The dielectric properties were measured both parallel and perpendicular to the 

casting plane of the textured samples. Thermal depoling experiments were conducted by 

holding the poled samples for 10 min at each temperature, cooling to room temperature, 

measuring o^, and repeating the procedures at intervals of 50°C up to 700°C. 

RESULTS 

The sintered densities of both templated and untemplated laminates are shown in 

Figure 3. The dilatometry data indicated a sharp maximum in the densification rate near 

870°C. From a green density of 48% the maximum sintered density of 97% was obtained at 

1000°C in less than 10 minutes. The attainment of high density at relatively low sintering 

temperatures is believed to result from the fine grain size of the matrix material. The 

presence of template particles did not affect sintered densities at > 950°C. Shrinkage was 

anisotropic; 25-30% in thickness and 10-15% along either side. 

In the laminates containing no template particles, grains are on the order of 1 micron 

and mostly anisometric after heating for 10 minutes at 1000°C. Longer sintering times 

result in the growth of large anisometric grains, some >10 urn after 2 hours. At 1100°C, 

many anisometric grains = 2-10 Jim in diameter are present after 10 minutes. 

Figure 4 shows the as-sintered edge of a templated laminate, sintered at 900°C for 

10 minutes. The matrix is = 90% dense and no appreciable grain growth is apparent. After 2 

hours at 900°C, the matrix remains fine-grained. Reasonable orientation of the template 

particles is apparent. 

For short sintering times at 1000°C and higher (Fig. 5), laminates containing 5% 

template particles develop oriented grains. The microstructures consist primarily of plate- 

9 



like grains, approximately 10-50 u,m long and 1-2 u,m thick, aligned in the casting plane. 

Little change in the average grain size or orientation was observed between 10 minutes and 2 

hours at 1000°C. Figures 5a and 5b show that grains misaligned with the casting plane do 

not grow as large as the oriented grains. 

Sintering at 1100°C for less than 10 minutes produced microstructures similar to 

those at 1000°C. After one hour, however, grain thickness increased by approximately 1.5 

times, and a second phase appeared. XRD peaks indicative of the cubic phase Bi2Ti207 

suggest that bismuth volatilization at the grain surfaces caused the formation of the bismuth 

deficient phase. Observations of weight loss during sintering (approximately 1 wt% per 

hour above 1050°C) support this interpretation. 

X-ray diffraction data reveal the effect of template particles on texture development. 

With increased sintering temperature, diffraction from the {00^} planes progressively 

dominates the pattern. The degree of orientation (Lotgering factor,/) is shown in Figure 6 as 

a function of sintering temperature. For untemplated laminates, this factor remained below 

0.25 irrespective of the sintering temperature. Texture in the templated samples was 

observed to increase strongly with the sintering temperature, approaching 0.96 above 

1000°C for samples containing either 5% or 10% template particles. This degree of 

orientation is as high as that reported for samples tape cast and sintered with 100% 

platelets17. Texture developed very rapidly at temperature, as shown in Figure 7 for sintering 

at 1050°C. 

The effect of lamination pressure on platelet orientation was observed in a series of 

samples pressed at different loads and sintered for 1 h at 1050°C. No systematic change in 

the Lotgering factor,/ was observed for pressures up to 120 MPa. Furthermore, the average 

value of/for laminated samples did not significantly increase relative to single tape samples. 

This indicates that orientation of the template particles was achieved by tape casting alone 

and that lamination did not enhance template alignment. Delamination was observed after 

sintering in samples pressed at less than 30 MPa, so 50 MPa was used as the standard 

pressure. 

To determine the variation in texture through the sample thickness, two laminates of 

ten tapes (each approximately 300 urn thick) with 5% templates, sintered at 1050°C for 1 

hour, were successively ground and tested by XRD. There was no systematic decrease in 

preferred orientation with distance from the surface, remaining greater than /= 0.90 for one 

sample and greater than/= 0.94 for the other. Since the higher texture corresponds to a 

lower lamination pressure, the differences are considered a result of sample to sample 

variations rather than effects of pressure. This texture profile is contrasted with that of the 

10 



tape cast and sintered platelets of Watanabe et al. ", which showed a degree of texture less 

than 0.7 in the interior of the laminates. The reason for improved through-thickness texture 

by TGG processing is most likely the small interparticle spacings achieved by using fine 

powder. Frequent interparticle interaction during tape casting is expected to enhance the 

alignment of platelets. The orientation of platelets during tape casting is critical for obtaining 

high quality texture and is discussed elsewhere21. 

The as-dried Nb-doped bismuth titanate precursor powder was amorphous, but 

transformed to crystalline bismuth titanate after calcination at 700°C for 0.5 h. There were 

no shifts in the BiT x-ray diffraction pattern with Nb-doping (up to x=0.4) for either 

calcined powders or sintered samples22. Nb-doping did not affect the morphology or size 

of the bismuth titanate powders and platelets during synthesis. 

The sintered densities of Nb-doped random and Nb-doped textured samples are 

shown in Figure 8. Low temperature densification was promoted by the fine particle size of 

the precursor powder. The relative density reached a maximum of 98-99% (based on a 

theoretical X-ray density of 8.04 g/cm3) at 1000°C for 2h, which is higher than reported in 
22 

previous studies for similar sintering conditions. Above 1100°C, the density decreased as 

a result of the extensive growth of the tabular bismuth titanate grains. Samples containing 

template particles densified at ~50-100°C lower than compacts composed of only BiT 

platelets. 

The SEM micrographs of the randomly oriented samples exhibit mixed grain 

microstructures of equiaxed and platelike grains at 1000°C for both undoped (Fig 9a) and 

Nb-doped Fig 9b) samples. Grain growth of BiT was enhanced with Nb-doping level 

(x=0.2) but it was inhibited at x=0.4. Consequently, only results for the x=0.2 Nb are 

presented. 

Microstructures of textured Nb-doped BiT (x=0.2), which contained 5 wt% template 

particles, are shown in Figure 10. The cross-sectional view demonstrates that the bismuth 

titanate platelet grains are aligned in the casting direction and the top view indicates that the 

original platelets grew at the expense of fine matrix grains. XRD patterns of textured 

samples parallel and perpendicular to the casting plane further confirm that textured samples 

are c-axis oriented (Figure 11). The degree of orientation (Lotgering factor, f) in samples 

processed using similar conditions was >0.96. 

Dielectric Properties of Textured Bismuth Titanate 

The temperature dependence of the dielectric constant, K, and loss tangent, tan 8, of 

doped random and textured BiT was measured at 100 kHz (Fig. 12). The dielectric 

properties at 10 kHz are similar to those at 100 kHz.   Pure, randomly oriented bismuth 

11 



titanate ceramics (sintered at 1050°C for 2h) exhibit a room temperature dielectric constant 

of -145, and Nb-doping slightly increases the room temperature dielectric constant for the 

same conditions. With increasing sintering temperature, the room temperature dielectric 

constant decreases for all random samples, which is probably due to the density decrease. 

The dielectric constant and loss tangent in undoped samples rapidly increase above 200°C 

because of the high electrical conductivity. However, Nb-doping clearly reduced the 

dielectric loss; the loss tangent is below 0.1 up to 450°C, which enables poling at higher 

electric fields and higher temperatures. The textured ceramics show anisotropic dielectric 

constants of -160 parallel to and -120 perpendicular to the casting plane. These values are 

smaller than single crystal room temperature values (Kfl=120, KÄ=205, Kc=140 at 5 

MHz).    The higher dielectric loss in the tapes parallel to the casting direction is due to the 
14 

higher conductivity in the a-b plane of bismuth titanate. 

The room temperature polarization-electric field hysteresis loops of random and 

textured samples that have been sintered at 1050°C for 2h are shown in Pig. 13. The 

remanent polarization for the Nb-doped random BiT is -12 u,C/cm2. The loops for the 

doped samples are better saturated and have a smaller coercive field than those for undoped 

random BiT. The reduction in coercive field is probably a result of the larger grain size in 

the doped samples. Anisotropic remanent polarizations (Pr) and coercive fields (Ec) are 

observed in the sintered tapes: P=24.5 /iC/cm2, Ec=30 kV/cm parallel to and P=1.4 

[iC/cmP, Ec=10 kV/cm perpendicular to the casting plane. These values are close to those 

previously reported for hot-forged bismuth titanate. In bismuth titanate, the spontaneous 

polarization Ps lies in the monoclinic a-c plane at a small angle (-4.5°) to the a-axis and 

exhibits two independently reversible components: 50 /^C/cm2 along the a-axis and 4 

fiC/cm along the c-axis. The observed remanent polarization of the textured sample is 

about half of the spontaneous polarization of single crystal bismuth titanate in either 

direction. 

The variations of piezoelectric constant of doped BiT with respect to poling time and 

applied electric field are shown in Fig. 14. The piezoelectric constant increases 

monotonically with applied field up to 80 kV/cm and is saturated within 10 min. The 

measured piezoelectric constants of the random and textured ceramics are shown in Fig. 15. 

Random Nb-doped samples show d33 values of -20 pC/N, which are comparable to earlier 
24 

reports. Due to the improved orientation, the textured samples exhibited anisotropic 

piezoelectric behavior with a maximum piezoelectric constant of -30 pC/N parallel to the 

casting plane. The reported piezoelectric constants for a single domain single crystal are: 
25 

du = 39 pC/N, d22 = 0, and d33= 9 pC/N.    Thus, the maximum piezoelectric constant of the 
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textured sample is about 77% of the single crystal value measured along the major 

polarization axis. Grain orientation in the a- and b-axes is random in the casting plane so it 

is reasonable that the measured values fall below the single crystal numbers. 

Thermal depoling of samples is shown in Fig. 15, in which piezoelectric constants 

are plotted against annealing temperature. Both Nb-doped random samples and textured 

samples retain 90% of their room temperature values up to 600°C for a 10 minutes 

exposure to the annealing temperature when annealed under open circuit conditions. Also 

the Nb-doped sample retained more than 90% of its initial value after annealing for 100 h at 

450°C. This demonstrates that the Nb-doped, textured bismuth titanate ceramics are stable 

against thermal exposure, and can potentially be used in high temperature piezoelectric 

applications. 

Biaxially Textured Strontium Niobate (Sr2Nb207) 

Textured ceramics have been produced by a variety of techniques. In most cases the 

texture corresponds to crystallographic orientation along one axis only, which is often 

referred to as fiber texture. Polycrystalline bodies in which most grains are oriented with a 

particular crystallographic plane parallel to a common plane in the sample, and with the 

same crystallographic direction in that plane parallel to a common direction in the sample, 

exhibit sheet or biaxial texture.26'27 Such materials exhibit approximately the same property 

anisotropy as a single crystal of the same composition. The ability to synthesize Sr2Nb207 

particles in the form of orthorhombic blades18 makes it possible to develop a ceramic with 

biaxial texture by TGG. 

We describe a gated doctor blade that was designed to facilitate template orientation 

during tape casting to produce biaxially textured Sr2Nb207 ceramics by TGG. Previous 

studies have shown that template growth during TGG is enhanced with a liquid phase 

former18. In Sr2Nb207 it is known that excess Nb induces liquid phase formation but too 

much liquid (formed by 5 mol% excess niobium) leads to uncontrolled matrix growth 

whereas small amounts lead to anisotropic grain growth20'28 In this paper, the lower limits 

for the amount of liquid required for TGG in Sr2Nb207 were established by studying the 

effect of small variations in the Nb/Sr ratio on template growth29. Texture evolution, as 

monitored by stereology, x-ray pole figures and dielectric measurements, was studied as a 

function of template growth kinetics and orientation. 

Experimental Procedures 

Coprecipitated 2 mol% La-doped Sr2Nb207 powder with an average particle size of 

0.5 fim was used as the matrix powder for TGG18.  Sr2Nb207 template particles of 20-50 
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/im x 3-5 /im x 0.2-0.5 fim(axcxb) size were synthesized in KC1 using SrC03 and large 

SrNb206 crystals as the niobium source.30 The matrix powder was dispersed in 2-propanol 

by milling for 12 h with a commercial dispersant (KD-2)*. The binder plus plasticizer 

system (Ferro B7407)** was added to the suspension, and the slurry was milled for 6 h. 

The template particles were separately dispersed in 2-propanol with mild ultrasonication for 

3 minutes, followed by stirring for 1 h. 

The suspension of template particles was slowly added to the matrix powder slurry 

while stirring. The slurry was stirred for up to 6 h and the solids loading was adjusted to 

30-35 vol% by evaporation at room temperature. The slurry was cast at 7-9 cm/s under a 

gated doctor blade (Figure 17). The blade opening was 300-500 /im and the gates were 

formed by spacing needles of 0.5 mm diameter 1 mm apart. The gates modify the local 

shear field under the doctor blade such that the length of the templates orients along the 

casting direction. The dried tape was stacked (200-500 layers) and laminated at 33 kPa and 

room temperature for 5 minutes. The binder was removed by heating at 2°C/min to 250°C 

and holding for 1 h, heating at 2°C/min to 350°C and holding for 1 h, and heating at 

3°C/min to 600°C and holding for 1 h. 

The amount of liquid formed during TGG was adjusted by varying the Nb to 

(Sr+La) molar ratio. Stoichiometric Nb/(Sr+La)=l coprecipitated powder was used in all 

cases. Excess niobium was added in the form of niobium oxalate to cast samples after 

binder burnout to prevent binder-oxalate ion interactions, which cause coagulation of the 

binder. The laminate was impregnated with solutions of niobium oxalate of different 

concentrations to obtain ppm level compositional variations in the Nb/(Sr+La) molar ratio. 

The laminates were then heated at 3°C/min to 500°C to convert the niobium oxalate to x-ray 

amorphous niobium oxide. 

Stereological analysis was carried out on three orthogonal planes normal to the a, b, 

and c crystallographic directions using NIH image analysis software.31 The b-axis was 

normal to the casting plane, and the c-plane was normal to the casting direction. The shape 

of the grown templates can be approximated to a thin, rectangular plate. This implies that 

grain dimensions of templates obtained from 2-D sections parallel to the casting plane 

closely approximate the true dimensions along the a and c-directions. 

Pole figure measurement is a diffraction technique that can be used to collect 

orientation distribution information from a large number of crystallites. The pole figure for 

a single crystal resembles the stereographic projection for the set of hkl planes of interest. 

* 

** 
ICI Chemicals, Wilmington, DE  19850 

Ferro Corp., San Marcos, CA 92062 
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In the stereographic projections for a single crystal of Sr2Nb207 the 131 family of poles lie 

at four distinct orientations for projections along the principal crystallographic axes. The 

131 plane is also at an angle to the a, b, and c-planes. Thus, a sample with no texture (i.e., 

randomly oriented) should produce the same 131-pole density at all orientations. In 

contrast, a sample with fiber texture should show a ring-shaped region of high intensity for 

the 131 pole when measured along the alignment direction. The ring is a result of in-plane 

randomness. However, a sample with biaxial texture should exhibit four distinct peaks at the 

predicted orientations for the 131 poles in the stereographic projection. Hence, a single 131- 

pole figure measurement can be used to determine the quality of biaxial texture at room 

temperature in Sr2Nb207. 

A Philips four-circle diffractometer was used to collect pole figure data. The source 

and detector were fixed in relative 20 for the desired reflection throughout the measurement. 

<|) was measured from the vertical about an axis along the incident beam from 0° to 90° in 

increments of 3°. For each value of (j), the sample face was rotated one complete rotation in 

plane in increments of 10° (Q scan). The collection time was set at 5 s at each orientation. 

Samples of circular geometry (~1 cm2 area) were used to avoid anisotropy artifacts in the Q. 

scan due to different areas of illumination as a result of beam defocusing at high values of 

(|). The pole figure data from a random sample was used to normalize the data collected from 

textured samples for defocusing and beam spreading as a function of <|> by subtracting the 

pole figure of the random sample from that of the textured samples. The randomly oriented 

sample was made by cold isostatic pressing a pellet of (Sr,La)2Nb207 at 275 MPa. 

The dielectric properties of TGG samples possessing biaxial texture were also 

measured. Parallel sample surfaces were polished using a final grit of 1 fim diamond paste. 

Samples were cleaned with water and acetone, and dried. Sputtered platinum was used for 

electrodes. The capacitance and loss were measured from -175°C to 440°C using an 

HP4192A LCR bridge and an Euro 808 oven. A IV signal was used to measure the 

dielectric properties of samples at 10 KHz, 100 KHz, and 1 MHz. 

Template Morphology and Biaxial Texture 

As seen in Figure 18, the template particles have a long rectangular face and a 

thickness that is much less than the breadth of the particles. Hartman and Perdok32 

proposed that crystal growth occurs preferentially in directions along uninterrupted series of 

strong bonds. The directions in which one finds continuous, rigid bonding in Sr2Nb207 are 

coincident with the crystallographic a and c-axes. The Nb-0 bonds along the &-axis are 

discontinuous. Hence, the slowest growth is expected in the ib-direction. X-ray diffraction of 
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the blade-like particles of Sr2Nb207 confirms that the thinnest dimension is parallel to the b- 

axis. This is further corroborated by the increase in the intensity of the (OkO) of the grain- 

oriented samples formed by tape casting.31 The length of the blade-like particles is parallel 

to the a-axis and the width of the face is parallel to the c-axis. 

One way to produce a high, local shear field in the casting plane is to provide a set 

of closely spaced narrow openings with evenly spaced rods or needles along the length of 

the doctor blade (Figure 17). For needles of 0.5 mm diameter, which were spaced 1.0 mm 

apart, an average shear rate of -50 to 75 s"1 is developed during casting. The relatively high 

viscosity immediately after the doctor blade allows just enough flow for leveling of the tape 

due to the surface tension of the cast surface. The specific conditions were a casting shear 

rate of 150 s'\ a viscosity of 20 mPas"1 under the doctor blade, a blade gap of 300 pm, and a 

template particle size of 20 /im with an aspect ratio of 5-10 (length to width). Assuming the 

template aspect ratio, slurry rheology, and spacing between the needles, Peclet numbers of 

1.6xl010-7.4xl010 were calculated for the flow under the doctor blade in the horizontal 

plane. The gravitational force on rotating particles during casting and uniaxial lamination 

also influences the orientation of the b-planes of the templates parallel to the casting plane. 

Effect of Excess Niobium on Grain Growth in (ST^^LSLQ 0, )2Nb207 

TGG samples with 10 vol% initial templates and a small excess of niobium (5-1000 

molar ppm) were sintered at 1350°C and 1450°C. The a-direction edges of samples sintered 

at 1450°C for 1 h with different amounts of excess niobium are shown in Figure 19. The 

average area of the template grains increases with increasing niobium concentration. This is 

contrary to the expectation that a smaller amount of liquid phase results in thinner liquid 

layers and higher growth rates. One possible reason for this anomaly might be that liquid 

formation is a result of a reaction, and at such low amounts of excess niobium, the liquid 

distribution might not result in a continuous film. Bae and Baik 34 observed a similar 

increase in the growth of alumina grains in the presence of ppm-levels of impurities. 

Alternatively, the higher Nb content samples may have densified earlier. Thus, with less 

porosity to pin the crystal-matrix boundary the template grains can grow for a longer time. 

The larger grains result in a larger area fraction of large anisotropic grains as shown in 

Figure 20. 

To detect whether exaggerated grain growth in the matrix leads to large anisotropic 

grains, the number density of large (>15 firm) anisotropic grains was tracked at 1350°C and 

1450°C with increasing niobium concentration. The number density of large grains was 

nearly constant, which indicates that exaggerated grain growth does not contribute to the 
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population of large grains. These measurements are in agreement with SEM observations, 

which show very few grains that are not aligned in the expected direction. 

The average grain dimensions (major and minor axis of inscribed ellipses) obtained 

in microstructures sintered at 1350°C and 1450°C for 1 h with different amounts of excess 

niobium were measured by stereology. The average length in the a-axis direction reaches a 

maximum of -55 \xm for 1200 ppm niobium at 1450°C. In contrast, growth in the c-axis 

direction is only ~ 7 (im for all Nb concentrations and temperatures studied. The aspect 

ratios show a slight increase with increasing excess niobium but levels off at ~6. On the 

basis of these observations, 500-1000 ppm of excess niobium was used to fabricate TGG 

samples. 

Grain Growth Kinetics of Biaxially Textured rSr099La001'):;Nb:O7 Ceramics 

Grain growth was studied as a function of time at 1450°C in samples containing 

1000 ppm excess niobium and 10 vol% initial templates. Microstructures of sample 

sections parallel to the c-plane and sections parallel to the ö-plane sintered at 1450°C for 1, 

10, 30, and 60 minutes were analyzed. Microstructures after 1 and 60 min at 1450° are 

shown in Figure 21. The difference in the dimensions of the blade-shaped grains implies 

that they are biaxially oriented. 

Figure 22 shows the 131 pole figure data for samples sintered at 1500°C for 4 h. 

The four distinct peaks at positions coinciding with the calculated 131 poles in the 

stereographic projection conclusively prove the presence of biaxial texture in (Sr,La)2Nb207 

TGG samples with the ö-axis perpendicular to the tape cast plane and the a-axis parallel to 

the tape casting direction of the sample. The FWHM is -30° in the arc joining the maxima 

of the 4 peaks as compared to 90° for a random sample. 

The x-ray diffraction patterns from the planes parallel to a, b, and c-crystallographic 

planes of samples sintered at 1500°C for 4 h are shown in Figure 23. The enhancement of 

the 200,080, and 002 peaks, respectively, further supports the claim that these samples are 

biaxially textured. 

The size of the template grains along the a, b, and c-directions was determined from 

stereological measurements. Only grains with major axes longer than 15 \im were included 

in the calculation of the template size and orientation statistics because the average matrix 

grain size was 5-10 \xm. The major and minor axes of an inscribed ellipse, grain area, the 

angle between the major axis and the ^-direction in the c-plane, and the angle between the 

major axis and the c-direction in the &-plane were measured using the NIH image software. 

Figure 24 shows the angular distribution of template orientations measured at 5° intervals. 

For a template particle that has attained the ideal orientation, the angle is 90° for both the b 
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and c-planes. Figure 24 shows the orientation distributions after 1 min and 60 min for the 

grain number percent. The distributions become sharper at -90° because of the growth of 

the template particles. This suggests that there is no reorientation or rotation of template 

particles. Another feature of these distributions is the sharp peak around 90° in the two 

planes of projection perpendicular to each other. In the third plane, the a-plane, it is difficult 

to distinguish the template grains from the matrix grains because they have similar cross 

sections. However, at conditions that lead to high degrees of textured material, such as 

1500°C, 4 h, the angular distribution of oriented grains in the a-plane revealed a similar 

distribution centered on 90° with respect to the ^-direction. This indicates that the particles 

are oriented in all three directions, and thus, actions parallel to their a, b and c-planes yield 

the true dimensions of the a, b, and c -grains. 

Growth in the a- and ^-directions is seen to reach a maximum after 30 min. Again, 

the number density of large templates does not change significantly, which means that the 

template grains dominate the grain growth process. The biaxial texture is shown in Figure 

25 for a sample sintered at 1450°C for 1 h. 

Figure 26 shows the dielectric behavior of biaxially textured TGG samples of 

(Sr,La)2Nb207 sintered at 1500°C for 4 h. The room temperature dielectric constants in the 

a, b, and c directions were 68,45, and 49, respectively. These values are similar to those of 

single crystal Sr2Nb207 (Kfl=73; Kö=46; K =43 at 25°C measured at 1 MHz). While some 

of the anisotropy may be due to different numbers of grain boundaries in the three 

perpendicular cuts, the difference in the temperature coefficients for the permittivity 

demonstrates that at least some of the observed anisotropy is due to the sample texture. In 

particular, Kb remains lower than Kc at > 25°C, and starts to rise as the temperature 

approaches -156°C. The dielectric constant in the ^-direction for single crystals shows 

similar behavior with a peak at -156°C due to the phase transition that results in a small 

component of Ps along the ^-direction. This rise is not as marked in the a and c-direction 

dielectric constants for the biaxially-textured TGG samples. The dielectric loss is plotted as 

a function of temperature in Figure 26. 

CONCLUSIONS 

Bi4Ti3012 was synthesized as fine powder and as large platelets for use in Templated 

Grain Growth studies. High densities (97%) were obtained in tape cast, laminated and 

sintered samples at temperatures as low as 1000°C. Texture in the ceramic, characterized by 

a Lotgering factor of approximately 0.96, was induced by TGG after alignment of the large 

particles by tape casting. The temperature at which ultimate density was attained, and the 
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constant   through-thickness   texture   profile   are   unprecedented   for   tape   cast   and 

conventionally sintered BiT. 

Templated grain growth of Nb-doped bismuth titanate ceramics produced well-oriented 

materials with high electrical resistivity. Dense and textured microstructures (>98%) were 

obtained by sintering a fine-grained matrix at temperatures as low as 1000°C. The oriented 

ceramics exhibited anisotropic dielectric and piezoelectric properties parallel and 

perpendicular to the casting plane. The maximum piezoelectric constant in the c-axis was 

77% of the single crystal value. Sintered samples retain >90% of the room temperature 

piezoelectric constant up to 600°C for 10 min or at 450°C for 100 h. While the dielectric 

and piezoelectric properties are comparable to those of hot-forged bismuth titanate ceramics, 

the relative ease of the TGG process may enable commercial access to textured ceramics 

because of the significantly lower processing costs of TGG. 

Biaxial texture can be induced by templated grain growth in Sr2Nb207 ceramics. Blade- 

like Sr2Nb207 templates can be oriented to achieve biaxial texture by gated tape casting. 

The amount of excess niobium determines the amount of liquid formed and the extent of 

template growth. The amount of excess Nb required for grain growth can be reduced to 

-500 ppm. X-ray diffraction measurements and dielectric property measurements confirm 

the biaxial texture anisotropy of Sr2Nb207 produced by TGG. 
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Increasing Heat Treatment 

Figure 1  Schematic of the templated grain growth process. 



Figure 2 Molten salt synthesized BiT platelets 
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Figure 3 Effect of template particles on the densificaton of BiT laminates 



Figure 4 Edgeview of BiT laminate with 5 vol% BiT platelets sintered at 900°C for 10 

min. 
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Figure 5 BiT laminates containing 5 vol% templates sintered at (a) 1000°C for 
10 min and (b) 1000°C for 1 h. 
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Figure 6 Effect of sintering temperature and template particles on 
texture development in BiT. 



6M 

u 
© 

u 
S3 

fa 

W) 
S3 
u 
Qi 
Ö* 

O 
h-3 

0.95 

0.85- 

0.75- 

Time, min (at 1050°C) 

Figure 7 Effect of time on texture evolution for BiT laminates 
containing 5 vol% templates and heated at 1050°C 
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Figure 9 SEM micrographs of (top) undoped and (bottom) Nb-doped BiT 
(x = 0.2) sintered at 1000°C for 2 h. 
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Figure 10 SEM micrographs of textured Nb-doped BiT (x = 0.2) sintered 
at 1000°C for 2h, (A) cross-section and (B) top view. 
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Figure 11 XRD patterns of Nb-doped BiT (x = 0.2) sintered at 1000°C for 2 h; (A) 
random, (B) textured perpendicular to the casting plane and (C) textured 
parallel to the casting plane (20 scale is the same for all patterns). 



CO 
•4-* 

Ö o 
U 

V o u 

p 

M 

a o 
U 
o 

■B u 
<U 

13 

400 

300 

0.2 Nb Textured, Perpendicular 

200 - 

100 

400 

1000°C 
1050°C 
1100°C 

SS3=*=fc 

100   200   300   400 

Temperature (°C) 
500 

to 
o 
c3 

Ö <u 
too 
a 
ca 
H 

US 
O 

(O 

Ö 

bo 

o 

100       200        300       400 

Temperature (°C) 
500 

500 

Temperature (°C) Temperature (°C) 
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Figure 13        Hysteresis loops of textured Nb-doped BiT sintered at 1050°C for 2h. 
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Needles forming 
gated arrangement 

Figure 17. Gated doctor blade arrangement used for tape casting biaxially oriented 
samples 



Figure 18. Sr2Nb207 template particles used to produce biaxial texture 
and the physical relation to crystal structure 



Figure 19. SEM micrographs of c-planes for TGG samples sintered at 1450°C 
for lh (10 vol% initial templates) as a function of excess niobium 
(a) 1100 ppm, (b) 600 ppm, ( c) 200 ppm, and (d) 20 ppm. 
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Figure 20. Area fraction occupied by a template grain as a function of 
excess niobium (10 vol% initial templates) 



Figure 21. SEM micrographs of microstructures viewed parallel to the c-plane 
sintered at 1450°C for (a) 1 min, (b) 60 min, and parallel to the fc-plane 
sintered at 1450°C for ( c) for 60 min, (d) for 120 min 



(b) (c) 

Figure 22. Pole figure from the "c" edge of biaxially textured (Sr,La)2Nb207 

sample showing 131 pole intensity (a) 3D representation, (b) 
contour plot of intensities as a function of Q, (c) calculated 
positions of 131 spots in stereographic projection on a-b plane. 
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Figure 23. XRD patterns from a, b, and c-planes for TGG samples sintered at 
1500°C for 4h (10 vol% initial templates) showing biaxial texture 
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Figure 24. (Sr,La)2Nb207 TGG samples (10 vol% initial templates) sintered at 
1450°C. Number and area fraction as a function of angle from the b- 
axis in the (a) c-plane and (b) a-plane. N(%) and A(%) refer to the 
number percentage and area percentage of grains at a particular angle. 



Figure 25 SEM micrographs of a, b, and c-planes for TGG samples sintered at 
1450°C for 1 h (10 vol% initial templates) showing biaxial texture 
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Figure 26. Dielectric properties of biaxially textured (Sr,La)2Nb207 samples sintered 
at 1500°C for 4 h at 1 MHz as a function of temperature and direction (a) 
dielectric constant and (b) dielectric loss 


